To be effective in type 1 diabetes, algorithms must be able to limit hyperglycemic excursions resulting from medical and emotional stress. We tested an algorithm that estimates insulin sensitivity at regular intervals and continually adjusts gain factors of a fading memory proportional-derivative (FMPD) algorithm. In order to assess whether the algorithm could appropriately adapt and limit the degree of hyperglycemia, we administered oral hydrocortisone repeatedly to create insulin resistance. We compared this indirect adaptive proportionalderivative (APD) algorithm to the FMPD algorithm, which used fixed gain parameters. Each subject with type 1 diabetes (n = 14) was studied on two occasions, each for 33 h.
Introduction
Hypergl ycemia resulting from medically stressful conditions is associated with a high degree of morbidity and mortality [1] [2] [3] and is known to impair the healing of surgical and nonsurgical wounds. 4, 5 Persons with type 1 diabetes mellitus (T1DM), characterized by an absolute deficiency of insulin, require daily insulin therapy for control of glycemic excursions. Treatment protocols involving multiple daily subcutaneous injections often encounter considerable difficulty in all but the most committed subjects; continuous subcutaneous insulin infusion typically provides some improvement in glycemic control. 6 Since 2008, several groups have succeeded in creating algorithms for automated glycemic control using continuous glucose sensor input. [7] [8] [9] [10] [11] These algorithms range from a classical proportional-integral-derivative (PID) system 11 to model predictive control methods, [8] [9] [10] fuzzy logic, 12, 13 H-infinity control, 14, 15 and artificial neural networks. 16, 17 To facilitate development of artificial pancreas algorithms, a group from the University of Virginia provides Food and Drug Administration (FDA)-approved in silico testing of new algorithms in collaboration with the Jaeb Center for Health Research. 18 This is accomplished with a MATLAB-based program that describes 300 T1DM subjects with models of glucose sensors and insulin pumps, and reduces the need for animal testing. This impetus toward developing a fully closed-loop system for glycemic control underscores the growing necessity for better management of T1DM.
To the extent that automated systems are effective in T1DM, these systems will need to control excursions that occur as a result of fluctuations in insulin sensitivity. During periods of medical illness, emotional stress, or treatment with medications such as corticosteroids, a fall in tissue sensitivity to insulin occurs. [19] [20] [21] [22] [23] Such a change increases the requirement for insulin and, without compensation, predictably leads to hyperglycemia. As a result, robust control is often difficult to achieve in nonadaptive systems. Utilization of adaptive control has been employed in the field of closed-loop insulin delivery to help address changes in insulin sensitivity. [24] [25] [26] [27] [28] [29] Effective adaptation is predicated on a model of whole body insulin action, which determines insulin requirement during changing insulin sensitivity. Studies of adaptive control in intensive care settings have shown a high degree of glycemic control. 30 For this study, our goal was to test the degree to which a novel adaptive algorithm could detect and respond to reduced insulin sensitivity resulting from corticosteroid administration. For this study, we developed an algorithm that estimates insulin sensitivity at regular intervals and responds to those changes. This algorithm is termed the adaptive proportional-derivative (APD) system and, based on insulin sensitivity, adjusts the gain factors used in a fading memory proportional-derivative (FMPD) algorithm that we used in an earlier study. 7 The oral corticosteroids that we administered induce insulin resistance in peripheral tissues (muscle, fat) and in the liver. [20] [21] [22] [23] Our goal was to compare glucose control using the APD algorithm vs the FMPD algorithm.
Methods
To qualify for inclusion, the T1DM subjects were required to be 21-65 years of age and managed on insulin pump therapy. Age was 46 ± 11 years and hemoglobin A1c (HbA1c) was 7.2 ± 0.3%, both mean ± standard deviation (SD). Women of childbearing potential were required to have a negative urine pregnancy test and to agree to use contraception during the study and for at least 1 month after the study. Severe anemia, bleeding disorder, active malignancy, foot ulceration, and overt disease of the kidneys, liver, heart, and blood vessels disqualified potential participants. Because of abnormal insulin kinetics in such situations, 8 antiinsulin antibody titers that exceeded 100 μunits/ml (Esoterix, Inc., Calabasas Hills, CA) were also deemed exclusionary (three potential subjects were excluded for high titers). Subjects were recruited from the greater Portland, Oregon region. For additional details of inclusion and exclusion criteria, please contact the corresponding author. Subjects (n = 14) were each studied on two occasions, as described later, for a total of 28 experiments, each lasting for 33 h.
General Study Design and Questions
There were two 33 h experimental arms to this study. During both experiments, subjects received oral hydrocortisone every 4 h to reduce insulin sensitivity. The first (loading) dose was 40 mg, given at minute 180, and the subsequent six doses were 20 mg. Hydrocortisone was chosen because its disappearance half-life is shorter than that of other steroids such as dexamethasone, allowing for a more rapid return to normoglycemia in subjects at the end of the study. During one arm, glucose was controlled for the first 13 h using the FMPD algorithm employed in an earlier study. 6 This algorithm incorporates the glycemic history, feeding exponentially-weighted errors of proportional and derivative components (see Appendix A for further details). The increase in insulin infusion rate during prolonged hyperglycemia, resulting from the weighted glucose memory, offers a degree of adaptability to this algorithm. In this arm, for the final 20 h, a novel indirect adaptive algorithm was used, described further later, during which total body insulin sensitivity is estimated every 30 min. This APD algorithm increases gain factors for insulin delivery when insulin sensitivity is found to be decreasing and vice versa. This two-stage arm is abbreviated as FMPD → APD. Each subject also participated in another arm, also 33 h in length, during which the adaptive algorithm was used exclusively, referred to as the APD-only arm. The order of the two for each subject was randomized.
Aspart insulin was used for both arms (Novo Nordisk, Princeton, NJ) and was delivered by a portable insulin pump (Paradigm ® 522/722, Medtronic, Minneapolis, MN). Intermittent delivery of small doses of glucagon using high gain factors to prevent hypoglycemia, as reported earlier, 7 was part of both arms and employed an FMPD control strategy designed to use a short glucose memory. Glucagon was delivered by a hospital fluid pump (Medfusion ® 2001, Smiths Medical, Dublin, OH). Every 8 h, the glucagon pump was reloaded with freshly reconstituted glucagon (GlucaGen ® , Novo Nordisk, Princeton, NJ) at a concentration of 0.33 mg/ml and diluted in sterile deionized water. Both insulin and glucagon were delivered subcutaneou sly. In terms of glucagon delivery, there was one novel element added for this study in both arms: glucagon dosing was increased linearly with increases in insulin-on-board (IOB) estimates. This change was instituted after we observed impaired efficacy of glucagon when IOB was high in a previous study. 31 For each closed-loop study, subjects arrived at the research unit after fasting overnight. Meals were given 1, 5, 10, 25, and 29 h after beginning the study (breakfast, lunch, dinner, breakfast, and lunch). By using body weight and gender, the calorie count was calculated to be weightmaintaining as reported earlier. 7 The macronutrient content was 50% carbohydrate, 20% protein, and 30% fat. Meals were announced to both algorithms, which triggered delivery of a premeal priming bolus consisting of 60% of the subject's usual premeal insulin bolus.
Meal boluses were calculated by dividing estimated total daily insulin requirement (TDIR) by 570 to determine the insulin to carbohydrate ratio.
Due to ethical considerations (risk for protracted hyperglycemia), the FMPD algorithm was not used longer than 13 h. One of the study physicians was in attendance in the research facility room at all times. A registered nurse manually adjusted the insulin and glucagon pumps every 5 min every time glucose sensor data were received.
An Investigational Device Exemption was obtained from the FDA prior to initiating the study. Written approval was also obtained from the Legacy Health System Institutional Review Board.
This study design allowed for several questions to be addressed: (1) During the first 13 h of the FMPD → APD (when the FMPD was operative) and APD-only (when the APD was operative) experiments, is the glycemic control better with the adaptive algorithm? (2) In the APD-only arm, did glycemic control improve over time as the algorithm adapted to the steroid-induced hyperglycemia? More specifically, was postprandial control on day 2 tighter than the comparable time period on day 1? The meal used on each day for this comparison was the lunch meal since there was no dinner on day 2 and control after breakfast on day 1 was more a reflection of prestudy insulin delivery than the closed-loop delivery.
Sensed Glucose and Reference Glucose Measurement
Each subject wore two continuous glucose monitoring (CGM) systems (SEVEN ® PLUS, Dexcom, Inc., San Diego, CA). These were inserted subcutaneously in the abdomen 14-20 h prior to the beginning of the closed-loop portion of the study. The sensors were calibrated during the closedloop study with HemoCue ® 201 glucose values obtained every 6 h. The sensor with the lowest absolute relative difference (ARD) at the time of the first calibration was chosen to serve as the one to provide glucose data every 5 min to the algorithm controller, which was implemented on a notebook computer. Every 5 min, the algorithm computed insulin and glucagon rates, which were manually keyed into the insulin or glucagon pumps, respectively, by a registered nurse.
During the closed-loop study, an intravenous catheter was placed in a forearm vein and the arm warmed to arterialize the blood and facilitate blood withdrawal. Every 10 min, a small volume blood sample (0.1 ml) was obtained by use of a blood-sparing, double stopcock method and used for measurement of reference glucose by the use of a bedside device. This device (HemoCue 201, HemoCue Inc., Cypress, CA), in our laboratory, has a coefficient of variation of <2%. Based on HemoCue glucose data, the accuracy of the sensed data was measured every 10 min. If the ARD (for blood glucose ≥75 mg/dl) or absolute difference (AD) (for blood glucose <75 mg/dl) over the prior 30 min exceeded 30%, algorithm control was switched to the other sensor if its accuracy was lower than 30%. If ARD/AD for both sensors exceeded 30%, both were recalibrated.
Subjects were treated for hypoglycemia with oral carbohydrate (15 g) if blood glucose fell below 60 mg/dl and with intravenous dextrose (10 g) if glucose fell below 50 mg/dl.
Algorithm Description
General For both algorithms, the gain factors were based on TDIR (units/day). For the FMPD algorithm, the TDIR was fixed at the outpatient level (adjusted upward for HgbA1c if over 7% by increasing TDIR by 7% per HbA1c percentage point >7%); thus, the gain factors were fixed. For the APD algorithm, TDIR was adjusted every 30 min, leading to frequent updates in the gain factors and basal insulin infusion rate (IIR).
FMPD System
Equations for both algorithms are given in Appendix A. A brief description is given here. The first sensor glucose value of the study was used to initialize the proportional and derivative errors (PE and DE, respectively) for the insulin and glucagon subsystems. The TDIR value was used to initialize IOB and basal IIR. Proportional and derivative gain factors are directly related to the magnitude of TDIR. When IOB exceeded 20% of the TDIR, the IIR was reduced to 0 as a precautionary measure to prevent excess insulin delivery. Also, a maximum glucagon dose per 50 min period (in μg/kg) was defined based upon the current IOB value such that glucagon infusion would be in refractory mode for the remainder of the 50 min period once that dose was exceeded. The glucagon delivery system and refractory period ensure that glucagon delivery is front-loaded, which we have observed to be more effective than slower delivery with lower gain factors. 7 Hypoglycemia precautions as part of the protocol included reduction in IIR to 25% of calculated value for 40 min if oral carbohydrates were required and to 0% for 20 min if intravenous dextrose was required. Additionally, if glucagon was called for and reached the maximum allowed dose (i.e., glucagon delivery was in the refractory period), IIR was reduced to 25% of the calculated value for 40 min.
APD System
The adaptive controller utilized a validated glucoregulatory model from Hovorka and colleagues 32,33 that serves to periodically estimate tissue insulin sensitivity. A schematic comparison of the FMPD and the APD systems is shown in Figure 1 . For the APD system, we programmed the estimates of insulin sensitivity to automatically adjust the TDIR, which in turn, modifies the gain factors and basal rate. Appendix A includes descriptions and a diagram of the model of carbohydrate metabolism, insulin action, system equations, rate constants, parameters, and compartment descriptions. Insulin sensitivity was first estimated at 90 min and every 30 min thereafter. The measure of insulin sensitivity was a composite of the three major actions of insulin as described in Hovorka and colleagues. 32 A value of composite insulin sensitivity considered to be normal was arbitrarily set to be 100%.
By comparing the effect on glycemia of insulin sensitivity (over a range from 10 to 200% of the nominal values), nonlinear least squares estimation of the subject's sensitivity was determined by comparing predicted glucose data to the actual glucose data obtained. After the closest approximation of tissue sensitivity was determined, a new TDIR was calculated based on a relationship between the tissue sensitivity (as a percent of nominal) and the basal IIR required to maintain the glucoregulatory model at steady state for the given sensitivity value.
TDIR Determination
Steady-state analyses tested in the MATLAB ® Simulink ® (MathWorks, Inc., Natick, MA) environment helped determine the relationship between basal insulin infusion and tissue sensitivity to insulin, with a goal of maintaining glucose levels at the desired target value. For different target values, an exponential relationship between percent composite sensitivity (a composite of the three insulin sensitivity factors) and TDIR was identified, as shown in Figure 2 . The increase in TDIR was limited to 6% of the prior TDIR value obtained 30 min earlier (up-governor setting) and TDIR decrease was limited to 12% of the prior TDIR value (down-governor setting). The TDIR governors purposely minimized the rate at which changes in sensitivity are allowed to change gain factors and basal insulin rate. During the planning phase of this project, we found that if not buffered by governors, the TDIR could change substantially and frequently in the setting of noisy inputs such as unstable glucose sensors. The reason that the down-governor is larger in magnitude than the up-governor is to limit the increase in TDIR when sensitivity falls in order to minimize the risk of hypoglycemia and to allow a greater decrease in TDIR when sensitivity begins to rise again.
Simulation Studies
To test the adaptive capability of the system, coding of the model was carried out in Visual Basic for Applications (Microsoft Corp., Redmond, WA) and in MATLAB v9 with Simulink followed by simulations that utilized the FDA-approved 300-person in silico simulator developed at the University of Virginia. 18, 34 Glucose prediction curves and control variability grids were obtained, defining the glucoregulatory capability of the system, an example of which is shown in Figure 3 . In this early example, the simulation showed no hypoglycemia in all subjects but an unacceptable degree of hyperglycemia in some subjects.
Statistics
For independent comparisons, Student's t-test was carried out with a significance level of .05. For interdependent repeated measures (e.g., repeated frequent measures of glucose levels over an extended period of time), generalized estimating equations were used with the same significance criterion. Data are presented as mean ± standard error of the mean (SEM) unless otherwise indicated.
Results
The model identified a consistent decline in insulin sensitivity resulting from the hydrocortisone administration.
To understand the degree to which hydrocortisone reduced insulin sensitivity, we plotted in Figure 4 the composite insulin sensitivity over time during the first 13 h in the APD-only arm (sensitivity was not estimated during this time in the FMPD → APD arm). In the early part of this period, from 0-7 h, before the effects of hydrocortisone were apparent, insulin sensitivity averaged 100-120%. From hour 9 (the time at which the effect of the hydrocortisone reached maximal), to hour 13, insulin sensitivity averaged only 55-75%, a decline of 40-50%. Another way of understanding the hydrocortisone effect is to compare the sensitivity values obtained before adaptation (first 13 h) to sensitivity after adaptation in the FMPD → APD arm. In this arm, the algorithm was programmed to consider sensitivity frozen during the first 13 h at the starting level (which was 89 ± 7% in these subjects) based on the outpatient TDIR (51 ± 5 units per day in these subjects). During the final 20 h in this arm, the sensitivity (measured every 30 min by the APD algorithm) had fallen to an average of 39 ± 4% (p < .001 vs first 13 h). Commensurate with the decline in insulin sensitivity, the APD algorithm raised TDIR to an average of 88 ± 6 units per day (p < .001 vs first 13 h).
Despite substantial insulin resistance due to hydrocortisone, the degree of glycemic control after adaptation was initiated was generally satisfactory. When data were analyzed on day 2 (allowing substantial time for adaptation in both arms), the premeal blood glucose levels in the APD-only arm and in the FMPD → APD arm averaged 138 ± 10 and 147 ± 8 mg/dl before breakfast and 167 ± 17 and 143 ± 16 mg/dl before lunch. Taking all premeal blood glucose values together This simulation used the Kovatchev/Cobelli simulator of carbohydrate metabolism as described in the text. It can be seen that this version of the algorithm, although it prevented hypoglycemia, led to substantial hyperglycemia after meals.
Figure 4.
A graph of blood glucose and IIR during the first 13 h in the controlled arm of the study, which compares the FMPD and the APD algorithms. Glycemic control is significantly tighter in APD-only arm, as described in the text. In addition, insulin sensitivity, which was measured in the latter algorithm, is shown here; there is a marked decline after administration of hydrocortisone. Meals and hydrocortisone (HC) are indicated by different arrows, as indicated.
on day 2 for both arms, blood glucose averaged 148 ± 6 mg/dl. Figure 4 also shows pre-and postmeal glycemic control with the FMPD → APD vs APD-only arms for the controlled part of the study (first 13 h). Several hours after beginning the study, venous glucose tended to be lower in the APD-only arm. Taking this time period as a whole, the difference was significant using generalized estimating equations (p = .015). On average, the difference in blood glucose was 35-40 mg/dl before meals and 35-50 mg/dl 2 h after the meals.
The study was designed so that the glycemic control after lunch on both days could be statistically compared over time. If the APD algorithm was able to cause a time-related improvement of glucose control, then postprandial levels during day 2 should be lower than the comparable period on day 1. Figure 5 shows the results of this comparison over time in the APD-only arm. On day 1, the first dose of hydrocortisone had been given only 2 h before lunch. Thus, the effect of the steroid in reducing insulin sensitivity was just beginning to be observed in the postprandial period and the APD algorithm had little time to adapt. However, 24 h later, long after the APD algorithm had allowed TDIR to fully compensate, the postprandial glucose increments were substantially lower 3 and 4 h after the meal.
To minimize protracted hyperglycemia in these subjects, after the first 13 h, the APD algorithm was used for both arms. Not surprisingly, the differences in glycemic control between the two arms diminished on day 2. Figure 6 shows a comparison of venous glucose values for the entire study duration in both arms. Differences in venous glucose became small and nonsignificant on day 2 (during which the APD algorithm was used in both arms). Figure 5 . This graph is a comparison (in the APD-only group) of the postprandial increments in blood glucose after lunch on day one vs day two. At hour 3 and hour 4, there was a lower glucose increment on day two, after the system had more time to adapt to insulin resistance. NS = not significant. Figure 7 shows an individual example from the experiment in which the FMPD algorithm was used for the first 13 h after which the APD algorithm was used. During use of the FMPD algorithm on day 1, the subject's venous glucose rose to 288 mg/dl after lunch and to 245 mg/dl after dinner. In the overnight period and on day 2, glucose came down as the APD algorithm raised TDIR and gain factors in response to declining sensitivity, which averaged 95% over the first 13 h and only 35% over the final 20 h. Small transient doses of glucagon were given several times, as shown.
This figure is also exemplary of how amperometric glucose sensor data was utilized. Every subject had two sensors in place at all times and if the afferent sensor became inaccurate (ARD of >30%), control was switched to the other sensor if its error was acceptable. In this subject, this switch occurred at minute 360 and back to the original sensor at minute 1,055. It can be appreciated from this tracing that the sensor glucose values utilized for algorithm control were quite similar to the reference glucose levels (see later for sensor accuracy results).
The 13 h portion of the study on day 1 also allowed a comparison of the two algorithms regarding risk for hypoglycemia. For this analysis, the first 180 min are excluded due to the possibility of a spillover effect from insulin self-administered prior to admission. In the FMPD → APD arm, the percentage of reference venous glucose values (obtained every 10 min) below 50 mg/dl and below 60 mg/dl was 0 and 0.1%, respectively.
The comparable values in the APD-only arm were 0.4 and 0.6%, respectively. At neither level was the difference significant.
To prevent hypoglycemia, glucagon was intermittently called for in low doses by the FMPD system. Since glucose tended to be high as a result of the corticosteroid administration, glucagon was not used as often as in our earlier study. 7, 31 Over the course of the 28 experiments, glucagon was administered 70 times and the duration of administration was typically 5 or 10 min at a mean rate of 16 μg per minute. When the hour after glucagon administration was examined for efficacy, glucose did not fall to <70 mg/dl in 80% of cases and did not fall to <60 mg/dl in 86% of cases.
The accuracy of the glucose sensors was compared to the venous glucose as measured by the HemoCue. The mean ARD value for the preferred sensor used to control the algorithm was 9.6 ± 0.5% and for the unpreferred sensor was 12.2 ± 0.8%. The corresponding measures of bias (relative difference) revealed a slight negative bias on average: -4.6 ± 0.9% and -4.4 ± 1.3%. On average, the number of times that poor accuracy led to a change in the sensor used to control the algorithm was 1.04 times per 33 h experiment.
Conclusions
In our study, after hydrocortisone was initiated, the model consistently identified a fall in composite insulin sensitivity. The effect of hydrocortisone was not immediate; instead, there was about a 4 h delay before sensitivity started to decline. The magnitude of the fall in insulin sensitivity was substantial; it typically fell 40-50% from the original presteroid level. Quantitatively, the degree of impairment of insulin sensitivity that we found was very similar to the hydrocortisone-induced impairment at physiologic insulin levels as measured by the euglycemic clamp technique in the classical studies of Rizza and colleagues. 23 The delay between the first dose of hydrocortisone and the decline in insulin sensitivity is reminiscent of the study by Schneiter and colleagues showing insulin resistance in humans only after many hours of dexamethasone treatment. 35 It should be noted that the model's estimation of insulin sensitivity is not simply related to hyperglycemia. If it were, meals would cause substantial declines in insulin sensitivity. In our system, the glycemic effect of meals is taken into account by the model and each meal is announced during the experiments. Meal announcement plays an important role in the system; other authors have shown the benefit of a hybrid system that includes premeal announcement and insulin boluses. 11 Without announcement, the subcutaneous delay of insulin absorption may prevent adequate postprandial control, as indicated in our earlier simulations using the University of Virginia model (not shown). In the future, fast-acting insulin preparations or analogs may prove premeal insulin boluses unnecessary.
In response to the substantial fall in insulin sensitivity in our study, the algorithm appropriately increased the gain factors that led to satisfactory glycemic control. Taking both experimental arms together, the premeal glucose levels averaged 138-167 mg/dl before meals on the second day, when both arms were adapting to the reduced insulin sensitivity. Although this degree of control is not as tight as some other artificial pancreas studies, 10 this degree of control is superior to that usually seen in patients who receive steroids for medical conditions. In such cases, glucose levels are often quite difficult to control and are associated with substantial medical morbidity. 36 In general, stress hyperglycemia is a serious acute complication of diabetes. [1] [2] [3] It is difficult to directly compare the glycemic control achieved with this (APD) algorithm to that achieved with other adaptive algorithm because we are unaware of comparable studies in which corticosteroids were used to create insulin resistance.
The first 13 h of the study represents the controlled part of the study. Each subject was studied once with only the response offered by the FMPD algorithm and once with the APD algorithm during which the gain factors were automatically adjusted according to frequently measured insulin sensitivity.
During the portion of the study in which the algorithms were compared, the first 13 h, we found that glycemia was lower with the adaptive algorithm than with the FMPD algorithm, and the difference averaged 35-50 mg/dl. This finding suggests that the APD system was able to keep glucose under better control than the FMPD system. Although the indirect adaptive algorithm performed better in this study, these results do not prove an inability to adapt in all systems with proportional and derivative elements. There are many ways to tune such systems and there are ways to increase the adaptability to a greater extent than was used in our study. For example, the degree to which the glycemic history is taken into account allows such systems to adapt to protracted hyperglycemia. In our FMPD system, more vigorous adaptation to hyperglycemia could have been implemented by utilizing a shallower rate of decline for the exponential decline in the glycemic history that is utilized for proportional and derivative gains (z factor, as described). 7 One drawback to utilizing such a slow exponential decline is that although responsiveness to prolonged hyperglycemia improves, the ability to respond to rapid glycemic fluctuations declines.
Although it would have been interesting to continue the controlled comparison portion of the study for a longer period, we elected to carry out this controlled comparison for a relatively short (13 h) period of time for ethical and safety reasons in order to minimize marked hyperglycemia. After this time point, all subjects in both arms were controlled with the APD algorithm.
By design, the APD algorithm does not fully adapt to the corticosteroid-induced insulin resistance immediately. To avoid instability from noisy data, the TDIR governors are designed to minimize the rate at which changes in sensitivity are translated into changes in gain factors and basal insulin rate. There is a trade-off between the magnitude of the governor settings, which retard the response in TDIR and the ability to quickly respond to changes in insulin sensitivity. We acknowledge that the current tuning may not be appropriate to adapt to all changes in insulin sensitivity. For example, it can be seen in Figure 4 that hyperglycemia (glucose over 200 mg/dl) usually occurred after the last meal of the first day. This degree of postprandial hyperglycemia might have been less with a more quickly responding algorithm. Another situation that requires a fast response would be intense exercise, which can quickly lead to large changes in insulin sensitivity and noninsulin-mediated glucose uptake. Such changes might lead to hypoglycemia in the absence of a quickly responding system of adaptation.
To prevent hypoglycemia, glucagon was intermittently given during incipient hypoglycemia. The parameters for administering glucagon were similar to those utilized in an earlier study, 7, 31 except that in the current study, additional glucagon was given when estimated IOB levels were elevated. The success rate of glucagon in this study was 80% when a hypoglycemic criterion of <70 mg/dl was used, and 86% with a criterion of <60 mg/dl. This success rate is slightly greater than in the earlier study, probably due to the dose increase for high IOB, which was common due to the corticosteroid-induced insulin resistance.
In terms of the sensor data, we found that the sensors were generally quite accurate, especially with the use of our method in which the algorithm-controlling sensor can be switched when accuracy is suboptimal. Frequent calibration (every 6 h) may have also been beneficial, as we reported earlier. 37 We conclude that (1) corticosteroids consistently produced tissue resistance to insulin, which was reliably detected and quantified by the model; (2) in response to the steroids, the APD algorithm consistently raised TDIR and raised the control gain factors, leading to higher insulin infusion rates; (3) the elevated insulin infusion rates provided by the APD algorithm led to lower glucose levels than those observed during the comparable period of the FMPD algorithm, and (4) the APD algorithm did not increase the incidence of hypoglycemia as compared to the FMPD algorithm. Appendix A
General Algorithm Description
For both algorithms, the gain factors were based on TDIR (units/day). For the FMPD algorithm, the TDIR was fixed at the outpatient level (adjusted upward for HgbA1c if over 7%); thus, the gain factors were fixed. For the indirect adaptive algorithm, TDRI was adjusted every 30 min, leading to frequent updates in the gain factors and basal IIR.
FMPD System
The first sensor glucose value of the study was used to initialize the proportional and derivative errors (PE and DE, respectively) for the insulin and glucagon subsystems based on Equations (A1) and (A2). The TDIR value was used to initially calculate IOB and basal IIR as given in Equations (A3) and (A4). New glucose values were then used to determine insulin and glucagon infusion rates based upon Equation (A5). When IOB exceeded 20% of the TDIR, the IIR was set to 0 as a precautionary measure to prevent overinsulinization. Also, a maximum glucagon dose per 50 min period (in μg/kg) was defined based upon the current IOB value such that glucagon infusion would be in refractory mode for the remainder of the 50 min period once that dose was exceeded. The glucagon delivery system and refractory period ensure that glucagon delivery is front-loaded, which we observed in another study to be more effective than slower delivery. 7 Maximum glucagon dose in 50 min = IOB 20 + 0.4
where IOB is expressed as a % of the adjusted TDR Hypoglycemia precautions included reduction in IIR to 25% of calculated value for 40 min if oral carbohydrates were required and to 0% for 20 min if intravenous dextrose was required. Additionally, if glucagon was called for and reached the maximum allowed dose (i.e., glucagon delivery was in the refractory period), IIR was reduced to 25% of the calculated value for 40 min.
APD Controller
The adaptive controller utilizes a validated glucoregulatory model from Hovorka and colleagues 32 that serves to estimate tissue insulin sensitivity and, accordingly, adjusts the TDIR value provided to the insulin/glucagon controller. Figure A1 shows the model of carbohydrate metabolim and insulin action represented by the following system equations:
where endogenous glucose production (EGP) = EGP * (1 -x) if EGP ≥ 0, otherwise EGP = 0; (A9)
where U G is the absorbed carbohydrate (mmol/kg/min), D G is the carbohydrate content of the meal (in mmol/kg body weight), A G is the percentage of the meal carbohydrate absorbed and t max,G is the time to maximum carbohydrate absorption. Insulin Sensitivity Determination Sensed glucose and IIR history for the previous 90 min of data, starting at the 90 min time point and then every 30 min thereafter, are input into the model to estimate the tissue sensitivity to insulin (S i ) for the patient. In the equations given, S i is represented by the kb rate constants, where kb = S i *ka for the insulin action compartments. By adjusting S i over a range from 10 to 200% of the nominal values, nonlinear least squares estimation of the subject's sensitivity was determined by comparing predicted glucose data based on S i to the actual glucose data received. Once the closest approximation of tissue sensitivity is determined, a new TDIR is calculated based on a relationship between the tissue sensitivity (as a percent of nominal) and the basal IIR required to maintain the glucoregulatory model at steady state for the given sensitivity value.
TDIR Determination
Simple steady-state analyses within the MATLAB Simulink environment helped determine the relationship between basal insulin infusion and tissue sensitivity to insulin, where the basal rate maintained glucose levels at the desired target value. For different target values, a relationship between percent composite sensitivity (a composite of the three insulin sensitivity factors from the model, termed S C ) and TDIR was identified: Figure A1 . In this diagram, Q1 and Q2 represent the measurable and unmeasurable glucose compartments, Q i 1a, Q i 1b, and Q i 2 represent subcutaneous insulin compartments where Q i 1a and Q i 2 model a slow pathway of insulin absorption and Q i 1b models a fast pathway. Q i 3 and compartment I are interchangeable plasma insulin compartments, while the insulin action compartments shown represent effects on glucose distribution to (x 1 ) and utilization (x 2 ) by insulin-sensitive tissues, as well as suppression of EGP (x 3 ). NIMGU = noninsulin-mediated glucose uptake. where A represents the glucose target adjustment factor.
The calculated TDIR value was then limited depending on whether insulin sensitivity increased (with a resulting decrease in the TDIR) or decreased (with a resulting increase in the TDIR). TDIR increase was limited to 6% of the prior TDIR value obtained 30 min earlier (up-governor) and TDIR decrease was limited to 12% of the prior TDIR value (down-governor). The TDIR governors purposely minimize the rate at which changes in sensitivity are translated into changes in gain factors and basal insulin rate. During the planning phase of this project, we found that if not buffered by governors, the TDIR could change substantially, especially in settings with unstable glucose sensors. The reason that the up-governor is smaller in magnitude than the down-governor is to limit the increase in TDIR in order to minimize the risk for hypoglycemia. The exponential relationship between TDIR and composite insulin sensitivity is shown in Figure A1 .
